
Journal of the European Ceramic Society 26 (2006) 1221–1229

How Cr2O3 influences the microstructure and nonohmic features
of the SnO2(Cox, Mn1−x)O-based varistor system

W.K. Bacelara, P.R. Buenob, ∗, E.R. Leitea, E. Longoa, J.A. Varelab

a Interdisciplinary Laboratory of Electrochemistry and Ceramics, Department of Chemistry, Federal University of São Carlos,
C. Postal 676, 13565-905 São Carlos, SP, Brazil

b Instituto de Quı́mica, Universidade Estadual Paulista, P.O. Box 355, 14801-907 Araraquara, SP, Brazil

Received 10 July 2004; received in revised form 20 December 2004; accepted 16 January 2005
Available online 16 March 2005

Abstract

An investigation was made to discover how the addition of Cr2O3 affects the microstructural heterogeneity and nonohmic features of the
SnO2(Cox, Mn1−x)O-based varistor system, withx varying from 0 to 1. The presence of Cr2O3 was found to strongly increase the nonohmic
features whenx = 1. However, the nonohmic features of the system decrease whenx drops from 1 to 0, a behavior explained by the increase
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f the junction heterogeneity within the system’s microstructure, accompanied by an excess of precipitates at the triple point in
oundary region due to modified MnO sintering. The presence of these precipitates causes the leakage current to increase in re
reation of an ineffective barrier. The effect produced by heat-treating these systems in oxygen- and nitrogen-rich atmospheres su
ccording to mechanisms previously discussed in the literature, Cr2O3 is more susceptible to oxygen, so that increasing the amount of o

n the grain boundary region may improve the system’s nonohmic properties.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

A varistor device is a nonlinear resistor displaying a
onohmic current–voltage behavior, which can be used as
n over-voltage protector device.1–3 The nonlinear features
f current and voltage derive from the existence of potential
arriers between the grain boundaries of the ceramic poly-
rystalline microstructure of varistor devices.1 These poten-
ial barriers are usually of the Schottky-type in ZnO-based
aristors,2 which are the most commonly employed commer-
ial varistor systems.2 However, other polycrystalline sys-
ems have also been emerging for potential application as
ommercial devices, as in the case of SnO2 and TiO2 ceramic
atrix-based devices.4–9

The nonohmic properties of SnO2 n-type semiconduc-
ors with tetragonal crystalline structures are equivalent to

∗ Corresponding author.
E-mail address: prbueno@iq.unesp.br (P.R. Bueno).

those of the commercial ZnO varistor, although they pre
better thermal conductivity, which is an important a
degradation factor. The SnO2 bandgap is about 3.6 eV, a
though, in practice, the existing intrinsic oxygen vacan
form shallow donor levels with energies between 0.03
0.15 eV below the conduction band.10,11 From the stand
point of the features of polycrystalline SnO2, because th
material presents low densification after sintering, it is u
mostly in gas sensor applications.12–15 To render it use
ful in other applications requiring higher densification l
els, the addition of specific dopants, such as CoO to S2
polycrystalline ceramics leads to high densification, t
making it possible to obtain nonohmic features.6 In fact,
the SnO2-based varistor can be obtained by adding de
fying dopants, such as CoO, MnO and ZnO16 in amounts
exceeding 0.5 mol%.17–21 It is believed that such oxid
dopants facilitate mass transport throughout the grain bo
ary region, increasing densification of the polycrystal
matrix.18,19 It should be noted that the most widely st

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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ied densifying dopant used in SnO2-based varistor systems
is CoO.22–26

Once SnO2 polycrystalline ceramics have densified, their
nonohmic features can be obtained by adding Nb2O5, which
favors the grain’s electrical conductivity. Other dopants, such
as chromium oxide (Cr2O3) can improve the nonohmic fea-
tures by influencing the formation and characteristics of the
potential barrier at the grain boundary.6–9 Accordingly, the
latter dopants can influence the nonohmic features in different
ways and, therefore, the values of the nonlinear coefficient
(α), which is an indicator of varistor efficiency.

The potential barrier in polycrystalline ceramics displays a
behavior similar to barrier-injection transit-time diodes,23–26

with the grain possessing an n-type feature and the grain-
boundary a p-type feature. The presence of excess oxygen
at grain boundaries in relation to the grain produces a p-
type semiconductor feature (a metal-deficient and oxygen-
rich phase), because of p-type semiconductor dopant segre-
gated as metal atoms or precipitating as a new phase23–26.
Therefore, the value of the nonlinear coefficient in SnO2-
based varistors can be optimized by an appropriate doping
level of either a donor (Nb5+) and/or an acceptor type (Cr3+,
Co2+, Mn2+/Mn3+).6–9,23–27

The features of the electrical potential barrier, therefore,
result from the chemical potential equilibrium between the
grain and the grain boundary region during the sintering stage.
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of SnO2 polycrystalline ceramics, it was found that MnO ap-
plied as a densifying agent of the SnO2 matrix (rather than
CoO) produces different nonohmic features due to its dis-
similar sintering mechanism and densification rate, with con-
sequences on the nonohmic electrical properties. Moreover,
the authors demonstrated that SnO2·CoO-based ceramics are
more homogeneous than SnO2·MnO-based ceramics,29,30

which contain a precipitate phase (Mn2SnO4), mainly at
triple points of the grain boundary. Excessive amounts of
precipitate phases at triple points of the grain boundary gen-
erally cause the leakage current to increase and the nonlinear
coefficient value to decrease, as discussed in ref.31

In this study, we examined the influence of the Cr2O3
concentration on SnO2(CoxMn1−x)O-based systems doped
with a fixed amount of 0.05 mol% of Nb2O5, in order to dis-
cover how excessive amounts of this dopant influence the mi-
crostructural features and, hence, the nonohmic properties of
SnO2(CoxMn1−x)O-based varistors. The degrading effect of
MnO on the nonohmic features was also confirmed by its re-
placement with CoO, despite the high densification achieved,
reinforcing the evidence reported in refs.29,30

2. Experimental procedure

The powders were processed using the conventional meth-
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n other words, the electrical potential barrier is formed
tomic-associated electronic defects at grain boundary

aces, which are compensated in the depletion layer by
ive entities, such as V··O, M·

Sn. The main defects in the interf
ial region which are compensated by positive charges o
epletion layer are V

′′′′
Sn, O′

ads, O
′′
ads, O′

2(ads).
23–26,28Accord-

ngly, the height of potential barriers can be modulated b
mount of oxygen present at the grain-grain junction in

ace in SnO2-based varistors. In a SnO2-based varistor syste
oped with Cr2O3, the excess oxygen at the grain bound
an be controlled by the presence of segregated chro
etal atoms or Cr2O3 homogeneously precipitated as a n
hase.23–26,28 The degradation of the potential barriers
nO2-based varistors when these devices are subject
eat treatment in nitrogen-rich atmospheres, and the s
uent restoration of the potential barriers to their orig
alues after the material is subjected to a reheating trea
n an oxygen-rich atmosphere, reinforces the assumptio
he balance of oxygen between grain and grain bounda
ome extent controls the nonohmic properties.24,28

A detailed evaluation of the microstructural feature
ifferent dense SnO2·MnO polycrystalline ceramic comp
itions was made recently by means of an analytical ele
icroscope (AEM) equipped with an X-ray energy disper

pectrometer (XEDS). As foreseen, the microstructural
ures proved to exert a very important effect on the nono
roperties. However, the main features of the microstru
ontrolling the nonohmic behavior were detected with
id of admittance/dielectric spectroscopy.29,30 Although the
ddition of both CoO and MnO leads to high densifica
ds for mixing oxides in alcoholic media. The oxides e
loyed, all of analytical grade, were: SnO2 (CESBRA),
b2O5 (CBMM), Cr2O3 (Merck), CoO (Riedel) and MnO2

Riedel). The compositions studied in the present work w
repared using molar percentages. The powders were
xially pressed into a cylindrical shape (11.0 mm× 1.3 mm)
nd then isostatically pressed at 150 MPa. The samples
intered in an ambient atmosphere at 1300◦C for 1.5 h, at a
eating rate of 10◦C min−1 and a cooling rate of 2◦C min−1.
he relative densities of the samples (green and sintered

dentified using a mercury porosimeter (Micromeritics 93
he samples were polished and silver electrodes were p
n the ceramic surfaces before their electrical characte

ion, which was performed by means ofI–V measuremen
ith a Keithley 237 current source. The samples’ leakage

ent was measured in a direct current system in a fixed el
eld corresponding to 85% ofE0.05, whereE0.05 is the elec
ric field corresponding to a current density of 0.05 mA cm−2.
his electric field was chosen because its value corresp

o the region where the electric conductivity is mostly c
rolled by grain boundaries.3

X-ray diffraction (SIEMENS D-5000) was used to str
urally characterize the ceramic phases. Scanning ele
icroscopy (DSM 940-A) was used to analyze the sam
icrostructures. The mean grain size was determine
EM micrographs, using the PGT software (ASTM-E1
rogram. The material’s surface was mapped by energy
ersive spectroscopy (EDS).

The molar concentrations of SnO2-based varistor sy
ems studied here were based on the two formulae: 98
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Table 1
Experimental (dex) and relative densities (drt) and mean grain size values obtained at 1300◦C for 1.5 h as a function of molar percentage of dopants

System Cr2O3 (mol%) MnO2 (mol%) CoO (mol%) dex (g cm−3) drt (%) d̄ (�m)

S1 0.000 0.000 1.000 6.88 98.99 5.03
S2 0.000 0.250 0.750 6.84 98.32 6.90
S3 0.000 0.500 0.500 6.74 97.00 4.82
S4 0.025 0.000 1.000 6.40 92.05 5.01
S5 0.025 0.250 0.750 6.35 91.36 5.83
S6 0.025 0.500 0.500 6.20 89.21 6.69
S7 0.025 0.750 0.250 5.70 81.97 7.48
S8 0.025 1.000 0.000 5.67 81.58 8.35

The experimental and relative densities were calculated from the crystal’s theoretical density.

SnO2–1.000 (Cox, Mn1−x)O–0.025 Nb2O5 and 98.950
SnO2–1.000 (Cox, Mn1−x)O–0.025 Nb2O5–0.025 Cr2O3.
Each system with different values ofx was named Sj, where
j = 1, 2, . . ., 8. Thus, in S1,x = 0.000; in S2,x = 0.250; in
S3, x = 0.500 and so on. The formulae of systems contain-
ing Cr2O3 were 98.950 SnO2–1.000 (Co1−x, Mnx)O–0.025
Nb2O5–0.025 Cr2O3. Thus, in S4,x = 0.000; in S5,x = 0.250;
in S6,x = 0.500; in S7,x = 0.750; and in S8,s = 1.000. To facil-
itate the visualization of the systems’ compositions,Table 1
summarizes all the compositions studied. These composi-
tions were thermally treated at 900◦C for 1 h in O2-rich and
N2-rich atmospheres, similarly to the treatments reported in
refs.24,28It is important to mention that the addition of MnO2
is equivalent to adding MnO, because Mn2+ is the valence
most likely to remain stable in SnO2 after sintering.32

3. Results and discussion

3.1. Microstructural characteristics as a function of
Cr2O3 and MnO concentrations

According to what was discussed in the introduction, the
choice of the appropriate dopants may influence a varistor
system’s n–p–n characteristics. The bulk region inside the
grain may present an n-type semiconductor feature with a
h type
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Cr2O3
SnO2−→ 2Cr′sn + V··

O + 3Ox
O. (3)

Thus, it is likely that the oxygen vacancies are conducted
into the grain’s bulk, while the Mn

′′
sn, Mn′

sn, Co
′′
sn and Cr′sn

species migrate to the grain boundary region. The presence
of segregated metals in the grain boundary region causes that
region to become enriched with oxygen species, because such
metals form a p-type region in which the ceramic matrix bulk
is oxygen-deficient compared with the grain boundary, so
that an excess of oxygen species is possible at the grain-grain
interface.

The electronic conductivity in the lattice of SnO2 poly-
crystalline ceramic grains can be increased by the addition of
Nb2O5, according to the following equation:

2Nb2O5
SnO2−→ 4Nb·

sn + V
′′′′
sn + 10Ox

O, (4)

The ions in Nb ion-doped SnO2 act as shallow donors that
provide the conduction band with an electronic state, accord-
ing to the reaction:

Nbx
Sn → Nb·

sn + e′. (5)

Mn
′′
sn, Mn′

sn, Co
′′
sn and Cr′sn species were formed in the

grain boundary, according to Eqs.(1)–(3), likely trapping
the free electrons released by Nb·

sn, according to Eq.(5),
and thereby creating a potential barrier in the grain boundary
r as
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r
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igh concentration of oxygen vacancies and a donor-
opant, while the grain boundary region displays a p-

eature (because the bulk’s matrix-metal environment i
xygen-deficient region in comparison with the grain bou
ry region, which is rich in oxygen due to segregated tra

ion metal).
In the case of SnO2-based varistors, the substitution

n4+ in the matrix lattice for acceptor atoms, such as C2+,
o3+, Mn2+, Mn3+, Cr2+ and Cr3+ can lead to the forma

ion of acceptor states in the forbidden band gap of S2,
hich can be compensated by oxygen vacancies. Such
en vacancies may be one of the defects responsible f
intering of the system.18,19 The main solid-state reactio
re represented below:

nO
SnO2−→ Mn

′′
sn + V··

O + Ox
O, (1)

oO
SnO2−→ Co

′′
sn + V··

O + Ox
O, (2)
egion. The height and width of this potential barrier w
ependent on the degree of oxidation of the grain boun
elative to that of the bulk.

As already known and reported by other authors, the X
iffraction pattern of SnO2-based varistor does not pres
ny other phase apart from cassiterite with a single ru

ype structure.6–9 However, in the present case, since
oncentration of MnO dopants was increased, the pres
f precipitate phases was visible by SEM (the microgra

n Figs. 1 and 2illustrate this fact, but ref.29 discusses th
henomenon in detail). To analyze these precipitated ph
hich are below X-ray accuracy, an analysis by scan
lectron microscopy coupled with energy dispersive s

roscopy was performed.Fig. 2illustrates the microstructu
btained for the S5 composition. More detailed discuss
f the microstructural features of SnO2 fully based on MnO
s the main sintering dopant, i.e., without CoO, are g
lsewhere.29,30 The microstructures observed here were
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Fig. 1. Micrographs of the (a) S2 and (b) S8 compositions; both sintered at 1300◦C for 1.5 h.

versified, changing according to the concentration of dopant,
and displaying pores and a precipitate phase at the triple point
of the grain boundaries.29,30

The effect of MnO on the sintering of SnO2 was analyzed
by Paria et al.,33 who proposed a mass transport mechanism
based on viscous flow to explain the densification promoted
by MnO dopant. Castro and Aldao, Cerri et al. and Varela et
al.16,18,19also observed high densification of SnO2 with the
addition of MnO at concentrations exceeding 0.5 mol% (rel-
ative density above 95%) in a similar system. These authors
ascribed the effect of MnO to the formation of oxygen vacan-
cies in the SnO2 lattice, which could promote mass transport
in the lattice. The formation of Mn2SnO4 and MnSnO3 in the
grain boundary region has also been reported.18,19Therefore,
modifying the SnO2 crystal by adding CoO or MnO may alter
the sintering mechanisms and densification rate. Hence, dop-
ing SnO2 with MnO or CoO leads to the creation of additional
oxygen vacancies, which in turn increase the diffusion rate
of oxygen ions and alter the sintering of SnO2 polycrystals.
However, SnO2·CoO-based ceramics have a more homoge-
neous microstructure than do SnO2·MnO-based ceramics, a
fact clearly visible from the presence of precipitate phase in
the latter, mainly at triple points of the grain boundary. There-
fore, the solubility of Mn2+ atoms in the SnO2 matrix appears
to be lower than that of Co2+ in the SnO2 matrix.

As pointed out in ref.,31 when precipitates are present in
h na-

ture of SnO2–SnO2 junctions and, hence, the number of active
barriers. Once the precipitates are present in triple junctions
of the microstructure, they can cause adjacent SnO2–SnO2
junctions poor in segregated metal atoms because precipi-
tates consume the segregated metal atoms in regions adja-
cent to them. Such adjacent regions generate junctions that
may present non-effective potential barriers, so that a paral-
lel conduction through these non-active barriers may occur in
varistor devices. This parallel conduction is responsible for
an increase of leakage current. Sometimes, heat treatments in
oxygen-rich atmospheres cannot increase the potential bar-
rier and density of states at the interface, because the oxygen
species may be consumed preferentially, eliminating the non-
active potential barrier in regions with lower concentrations
of segregated metal and enriching the precipitates with oxy-
gen species.

Our analysis of SEM micrographs indicates that the ad-
dition of MnO causes an increase of precipitate phase at
triple points of the grain boundary, accompanied by an in-
crease of the leakage current (and a decrease ofα values, see
Tables 2 and 3and refs.29,30), which is in agreement with the
proposal of Sim̃oes et al.31 and is summarized above.

If the mass transport is fast during the sintering process, it
can give rise to the formation of extra grain pores.34,35There-
fore, the substitution of CoO atoms for MnO can probably
change the mass transport mechanism during the sintering
p on of

T
N rrier pe

S cm−1)

S 20
S 88
S 12
S 06
S 00
S 04
S 48
S –
igher concentrations at triple points, they can affect the

able 2
onlinearity coefficient (α), breakdown electric field (Er) and potential ba

ystem α Er (V

Air O2 N2 re-O2 Air

1 21 23 12 24 49
2 11 12 10 13 28
3 12 13 12 14 36
4 49 65 46 75 41
5 21 28 19 35 40
6 14 18 13 27 59
7 13 – – – 168
8 – – – –
rocess, inducing the formation of a greater concentrati

r grain (νb) for the Sj composition in different atmospheres

νb (V per barrier)

O2 N2 re-O2 Air re-O2

5127 2815 5206 2.86 3.03
2927 2810 3083 1.99 2.12
3695 3574 3710 1.74 1.88
4382 4136 4575 2.06 2.30
5108 3980 5925 2.33 3.45
6814 6636 6947 3.95 4.64
– – – 12.6 –

– – – – –
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Fig. 2. (a, b) The micrographs (SEM) of the S5 composition sintered at 1300◦C for 1.5 h at two different magnification (1000×) and (5000×), respectively.
(c, d) The energy dispersive spectroscopic (EDS) analysis accomplished by mapping of the material surface. (e) X-ray pattern of S5 composition.

pores and a lower relative density of the compositions with
the increased MnO concentration. Increases in the MnO con-
centration are also accompanied by an increased amount of
precipitate phase at triple points of the grain boundaries.

The micrographs ofFigs. 1 and 2show the heterogene-
ity found in the SnO2(CoxMn1−x)O-based ceramics when
x decreased. In the samples containing larger MnO molar
concentrations (or lower values ofx), the precipitation at
the grain boundaries increased, and this was also accom-
panied by an increase in intra- and inter-granular pores.
Such an increase in porosity and precipitates interferes in

the material’s nonohmic electrical features, as discussed ear-
lier herein.Fig. 1illustrates the microstructures obtained for
the S2 and S8 compositions, whileFig. 2 illustrates the mi-
crostructure obtained for the S5 composition. As can be seen
in the S2 system (whose composition is devoid of chromium),
the amount of manganese and/or cobalt precipitated at triple
points is not substantial. On the other hand, the S8 composi-
tion, which contains Cr2O3 as dopant and a higher concen-
tration of MnO, shows clear evidence of the presence of a
large amount of precipitated phase, indicating that high con-
centrations of Cr2O3 decrease the solubility of MnO at the
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Table 3
Values of leakage (Ileakage) current and the electric field corresponding to
a current density of 0.05 mA cm−2 (E0.05) as a function of molar concen-
trations of MnO and CoO in SnO2(Cox, Mn1−x)O·Nb2O5-based varistor
systems and SnO2(Cox, Mn1−x)O·Nb2O5-based varistor doped with Cr2O3

System Ileakage(mA) E0.05 (V)

S1 0.03911 1170
S2 0.03943 1361
S3 0.04094 1689
S4 0.03855 3420
S5 0.04138 2468
S6 0.04407 3769
S7 0.04904 5725
S8 – –

grain boundaries. This precipitate phase is found mainly in
the triple junctions of the grain boundary region, similarly to
what was reported in ref.36. Oliveira et al.36 studied the mi-
crostructure of SnO2·CoO-based varistor systems doped with
La2O3 and Pr2O3, using HRTEM equipped with EDS, and
found that the precipitate phases were composed mainly of
Co2SnO4 and Pr2Sn2O7 at the grain boundary. These phases
were also found mainly at the triple points of the grain bound-
ary region.

Fig. 2a shows a SEM micrograph of the S5 composition,
revealing the presence of a precipitated phase at the grain
boundary.Fig. 2b shows a detailed region of the grain bound-
ary of the S5 composition.Fig. 2c and d show an EDS analy-
sis of bulk and precipitate phase at the grain boundary of the
same region indicated inFig. 2b. As can be seen inFig. 2c and
d, the precipitate phase in the grain boundary region is rich in
Co, Mn, Cr and oxygen, while the grains are predominantly
composed of SnO2 and Nb. These results are congruent with
the mechanism proposed for the formation of the potential
barrier, corroborating results reported in the literature.24,26,31

3.2. Segregated and/or precipitated chromium dopant
and the nonohimic features

As discussed in the previous section,Fig. 2 reveals the
p grain
b only
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m e for-
b d. As
m grain
b t the
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b e to
i tures
o
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t the
n fact
t nd/or
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phase at the triple point, which occurs easily due to the ab-
sence of MnO (see also refs.29,30). Therefore, according to
ref.,31 parallel conduction through non-active barriers can-
not contribute to decrease theα values because these parallel
paths are eliminated by sufficient amounts of dopant homo-
geneously distributed in the SnO2–SnO2 junction.

The above discussion is summarized in the analysis shown
in Table 2. This table presents the results of the breakdown
electrical field (Er), nonlinearity coefficient (α) and barrier
per grain (νb), the latter obtained from the relationνb = Erd,
in which d is the mean grain size.Table 2also shows that
all the results indicate the reversibility ofα values upon re-
heating in an oxygen-rich atmosphere (re-O2), which was
conducted at 900◦C, as reported in the experimental sec-
tion above. Furthermore, the greater the compositions’ MnO
and Cr2O3 concentrations, the higher the breakdown volt-
age in the presence of a higher leakage current of up to
x = 0.25. This finding reinforces the conclusions of our anal-
ysis. Moreover, the S8 composition was highly resistant to
electrical conduction, making it impossible to obtain anα

Fig. 3. I–V characteristic plot for S5 and S2 compositions thermally treated at
900◦C in room and oxygen-rich atmospheres. (a) Linear and (b) logarithmic
plots.
resence of manganese, cobalt and chromium in the
oundary region. Manganese and cobalt influence not

he densification but also the electronic conduction of t
aterials, because they act as electronic acceptors in th
idden region between conduction and the valence ban
entioned earlier, the presence of such elements in the
oundary region facilitates oxygen species enrichment a
rain boundary. Because these species are partially res
le for the formation of potential barriers, they contribut

ncrease the systems’ nonlinearity coefficient. The fea
f the S4 composition, which showed a highα value and
onohmic features, can be explained by the combinatio

wo major effects. Firstly, in this polycrystalline compo
ion, the percolation paths parallel to the current through
on-active potential barrier are absent, likely due to the

hat there are sufficient segregated dopant metals (Mn a
o atoms) at the SnO2–SnO2 junction without a precipitat
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value for this composition. The same held true for the S7
composition after it was subjected to a heat treatment in an
oxygen-rich atmosphere. This behavior can be explained by
the fact that, in the S8 composition, the combined addition of
Cr2O3 and the large amount of MnO caused the elimination
of the non-active SnO2–SnO2 junction responsible for par-
allel conduction and leakage current (Table 3), because the
large amount of porosity at the triple point prevented phase
precipitation at this point of the microstructure. This effect,
combined with an abnormal increase of breakdown voltage,
was responsible for the system’s higher electrical resistance.
Table 3shows the leakage current obtained in the various
compositions.

According to the model proposed in refs.24,26 as previ-
ously discussed, the nonohmic properties of varistor systems
are related with trapping states in the grain boundary region,
and these states are likely related with the presence of oxy-
gen species at the grain boundary interfaces. The concentra-
tion of oxygen species is controlled by defects, such as Cr′

Sn,
Cr

′′
Sn, Co

′′
Sn, Mn

′′
Sn, V

′′′′
Sn, which promote oxygen enrichment

at the grain boundary. Therefore, the effect of oxygen enrich-
ment on the nonohmic properties can be evidenced by heat-
treating the samples in different atmospheres, oxygen-rich
and/or poor. The effect of oxygen on the nonohmic properties
is illustrated inFig. 3by plots ofJ–E for the S2 and S5 samples
sintered at 1300◦C in static air and subsequently subjected to
h -
r s and
o gh a
c ium
o ygen
e ium

than in the presence solely of manganese and cobalt. This im-
provement in the systems’ nonohmic properties in the pres-
ence of chromium is likely attributable to the affinity of Cr
atoms for oxygen species, combined with their homogeneous
presence in high concentrations in the microstructure’s grain
boundary region.

During the sintering process or heat treatment at 900◦C,
oxygen may diffuse through the grain boundary region and
this oxygen species reacts with segregated transition metals or
with precipitate. The solid-state reactions of Eqs.(6)–(10)il-
lustrate the influence of chromium on the oxygen enrichment
of the grain boundary. This type of solid-state reaction causes
the grain boundaries to rise to surface states, resulting in an
increase of the mean height of the potential barrier, which
usually leads to an increase of nonohmic properties.24,26

Cr
′′
sn + O2 ⇔ Cr′sn · O′

2(ads), (6)

Cr
′′
sn + Cr′sn · O′

2(ads)⇔ 2Cr′sn · O′
(struct). (7)

Cr2+ and Cr3+ are stable at high temperatures during heat
treatment, and oxidation of the grain boundary may cause an
increased presence of Cr2+ (Cr3O4 → Cr2O3 + CrO) states,
facilitating the oxygen enrichment of segregated particles
and/or precipitates, according to Eqs.(6) and(7) and to the
possible mechanisms illustrated below:

C

C

T
R hmic f
a

S nt atmo )

S

S

S

S

S

S

eat treatment in an oxygen-rich atmosphere.Table 4summa
izes the results obtained for the S2 and S5 composition
thers, showing the effect of the chromium dopant throu
omparison with the systems that do not contain chrom
xide dopant. The results indicate that grain boundary ox
nrichment efficiency is greater in the presence of chrom

able 4
elative efficiency of Cr2O3 and MnO molar concentrations in the nono
n O2 flux of 2 L min−1

ystems Compositions Ambie

1
0.000% MnO2

1.000% CoO Er = 4920
0.000% Cr2O3 α = 21

2
0.250% MnO2

0.750% CoO Er = 2888
0.000% Cr2O3 α = 11

3
0.500% MnO2

0.500% CoO Er = 3612
0.000% Cr2O3 α = 13

4
0.000% MnO2

1.000% CoO Er = 4106
0.025% Cr2O3 α = 49

5
0.250% MnO2

0.750% CoO Er = 4000
0.025% Cr2O3 α = 21

6
0.500% MnO2

0.500% CoO Er = 5904
0.025% Cr2O3 α = 14
r
′′
sn + Cr′sn · O2(ads)⇔ Cr′sn + Cr

′′
sn · O2(ads)

⇔ Cr′sn + Cr′sn · O′
2(ads), (8)

r
′′
sn + Cr′sn · O′

2(ads)⇔ 2Cr
′′
sn · Ostr ⇔ 2Cr′sn · O′

str (9)

eatures of the studied compositions after thermal treatment at 900◦C for 1 h in

sphere O2 atmosphere Variation (%

Er = 5206 6
α = 24 14

Er = 3083 7
α = 13 18

Er = 3710 3
α = 14 12

Er = 4575 11
α = 75 53

Er = 5925 48
α = 35 66

Er = 6947 17
α = 27 92
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Cr
′′
sn + Cr′sn · O′

str ⇔ Cr′sn + Cr
′′
sn · O′

str

⇔ Cr′sn + Cr′sn · O
′′
str, (10)

where Cr′sn= Cr3+; Cr
′′
sn= Cr2+.

The theoretical studies conducted by Rantala37–39indicate
that the band gap of SnO2 bulk is about 3.6 eV and that the
maximum of the valence band is created from 2p levels of
oxygen atoms, while the minimum of the conduction band
is created from 5s levels of tin atoms. The study foresaw the
presence of surface states (levels) in the band gap, with many
of these states relating to the missing bridge oxygen atoms
(Vx

O). Chromium impurities in SnO2 strongly affect the elec-
trical properties of both bulk and surface. The authors’ stud-
ies indicate that this is a consequence of the Cr 3d levels that
emerge in the band gap. Bulk impurities produce deep levels
near the valence band, while surface impurities create lev-
els in the middle portion of the gap. These two levels act as
an electron trap, favoring the adsorption of oxygen. In their
study of Cr-doped varistor sensors, Sharma et al.14,37 found
that, when an oxygen molecule surfaces, it interacts with Cr
metal atoms since there is an excess of electrons on the Cr
metal ions. Thus, oxygen can easily be chemisorbed at Cr
sites, bonding with Cr3+. At ambient temperature, Cr metal
ions also act as catalysts because surface Cr atoms easily
get oxidized and can take 4+ effective valence, a mechanism
t
a
s
i oc-
c states
o Cr
a
m cle-
a k to
t ts are
c r
s ch at-
m
w fore,
d tor
f a
d ites
s rma-
t table
t a-
n ac-
c er
“

n
d ainly
t sug-
g e of
E -
g per-
a ility

of α values and the breakdown voltage listed inTable 4, as
reported in previous papers22–24,26–28.

In their theoretical calculation of chromium oxide clus-
ters, Veliah et al.41 found that CrOn-type clusters are more
stable than CrmOn-type clusters. The CrOn-type clusters pre-
sented CrO bonds with covalent and polar features. They
also found a higher gap in CrOn-type clusters. In the CrO-
type bond, they observed an electronic density transfer from
the molecular orbital of “Cr” to “O” atom (from 3dCr and
4sCr to 2pO). In the CrmOn-type clusters, the charge transfer
occurred mainly between CrCr bonds.

The above discussion, which was based on a theoretical
analysis of chromium clusters, reinforces the mechanisms
discussed herein according to the affinity of Cr atoms for
oxygen, in agreement with the potential barrier formation
mechanism described in previous papers23,24,26.

4. Conclusions

The results discussed in this paper allowed for a correlation
to be made between the MnO concentration and the amount
of precipitated phase at triple points of the grain boundary
region. Correlations were also found between the MnO con-
centration and the samples’ relative density. MnO proved to
be deleterious to nonohmic properties, inasmuch as it gave
r to the
f
t t, the
p em’s
l

-
i with
o hmic
f

A

of
t ies:
F

R

S. A.

.

hat is illustrated by the reaction: 2Cr3+ + O2 → 2Cr4+−O−,
ccording to ref.14 This appears to contradict Eqs.(6)–(10),
ince it means that Cr′

sn → CrxSn + e → O−
2 . However, it is

mportant to point out that our reactions are expected to
ur at higher temperatures; hence, electrons from other
f the forbidden band or conduction band can stabilize3+

nd Cr2+ valences. At ambient temperature, the CrOx unit
ay be considered the primary building block for the nu
tion of chromium oxide clusters (Cr metals from the bul

he grain boundary, in the present case). All these resul
onsistent with the reversibility of theα values in the varisto
ystems, inasmuch as the temperature and oxygen-ri
osphere can convert CrO2 to Cr2−yO3 and/or to Cr3−yO4,
hich have higher acceptor features than the bulk. There
uring heat treatment in N2-rich atmospheres, the accep

eatures of Cr2−yO3 and/or Cr3−yO4 may be reduced by
ecrease in they values. Hence, it can be stated that Cr s
erve to capture oxygen from the environment, but the fo
ion of acceptor features at grain boundaries are attribu
o Cr2−yO3 and/or Cr3−yO4 states. Accordingly, the mech
ism is highly reversible due to a reversibility of a higher “
eptor character” favored in O2-rich atmospheres or a low
acceptor character” favored in N2-rich atmospheres.

York et al.40stated that Cr2O3 displays irreversible oxyge
issociation at ambient temperature, corresponding m

o Cr O, and reversible molecular oxygen absorption,
ested as O2−. It should be pointed out that, in the schem
qs.(9)and(10), Cr′snand Cr

′′
sn illustrate the favoring of oxy

en adsorption with dissociation at the heat treatment tem
ture, with good reversibility evidenced by the reversib
ise to a heterogeneous microstructure that contributed
ormation of a non-active potential barrier in SnO2–SnO2-
ype junctions, creating a path for the current. As a resul
resence of MnO has the effect of increasing the syst

eakage current.
With regard to the Cr2O3 effect, Cr2O3 was found to facil

tate the homogeneous enrichment of grain boundaries
xygen species, increasing the performance of the nono

eatures of SnO2-based varistor systems.
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